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1
REFLECTIVE CONTACT LAYER SYSTEM
FOR AN OPTOELECTRONIC COMPONENT
AND METHOD FOR PRODUCING SAME

This patent application is a national phase filing under
section 371 of PCT/EP2013/065638, filed Jul. 24, 2013,
which claims the priority of German patent application 10
2012 106 998.0, filed Jul. 31, 2012, each of which is incor-
porated herein by reference in its entirety.

TECHNICAL FIELD

The invention relates to a reflective contact layer system for
an optoelectronic component which is suitable in particular
for producing a p-type contact of a nitride compound semi-
conductor LED, and to a method for producing the contact
layer system.

BACKGROUND

So-called thin-film light emitting diode chips are known in
which the original growth substrate of the semiconductor
layer sequence is detached and instead the semiconductor
layer sequence is connected to a carrier at an opposite side
relative to the original growth substrate. In this case, the
radiation exit surface of the light emitting diode chip is
arranged at an opposite surface of the semiconductor layer
sequence relative to the carrier, that is to say at the side of the
original growth substrate. In such a thin-film light emitting
diode chip, it is advantageous if that side of the semiconductor
layer sequence which faces the carrier is provided with a
mirror layer in order that radiation emitted in the direction of
the carrier is deflected in the direction of the radiation exit
surface and the radiation efficiency is increased as a result.

In a thin-film light emitting diode chip, the mirror layer
generally adjoins a p-type semiconductor region of the light
emitting diode chip, wherein the mirror layer also serves for
making electrical contact with the p-type semiconductor
region. For the visible spectral range, silver is typically cho-
sen as material for the minor layer, since silver is distin-
guished by high reflection in the visible spectral range.

It has been found that at the p-type contact to the silver
layer during the operation of the light emitting diode chip a
voltage drop of, for example, approximately 170 mV-250 mV
occurs, wherein the contact resistance is approximately
5*107*Q cm? to approximately 7*107>Q cm?.

During epitaxial growth, nitride compound semiconduc-
tors generally form a wurtzite crystal structure, the crystallo-
graphic c-axis of which runs parallel to the growth direction.
Depending on the growth parameters, domains in the so-
called Ga-face orientation, which corresponds to the crystal-
lographic [0001] direction, or domains with the so-called
N-face orientation, which corresponds to the crystallographic
[000-1] direction, can arise in this case. Such domains can
form in polar, but also in semipolar or nonpolar nitride com-
pound semiconductors.

Nitride compound semiconductors generally have piezo-
electric properties, that is to say that they have an electrical
polarization even without an external electric field. The ori-
entation of this electric field is opposite for the Ga-face ori-
entation and the N-face orientation. For this reason, domains
having Ga-face orientation and N-face orientation have dif-
ferent electrical properties.

The document WO 2010/045907 Al, also published as
U.S. Pat. No. 8,907,359 B2, describes a contact layer system
for an optoelectronic component in which a p-type contact
layer composed of a nitride compound semiconductor adjoins
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2

a connection layer, wherein the p-type contact layer at an
interface with the connection layer has first domains having a
Ga-face orientation and second domains having an N-face
orientation. Said document specifies that the area proportion
of the N-face domains should preferably be between 30 per-
cent and 60 percent in order to obtain a contact resistance that
is as low as possible.

SUMMARY OF THE INVENTION

Embodiments of the invention provide an improved con-
tact layer system for forming the p-type contact of an opto-
electronic nitride compound semiconductor component
which is distinguished both by a low contact resistance and by
high reflection for the radiation emitted by the optoelectronic
component. Furthermore, an advantageous method for pro-
ducing the contact layer system is intended to be specified.

In accordance with at least one embodiment, the reflective
contact layer system for an optoelectronic component com-
prises a first p-doped nitride compound semiconductor layer,
a transparent conductive oxide layer and a mirror layer. A
second p-doped nitride compound semiconductor layer is
advantageously arranged between the first p-doped nitride
compound semiconductor layer and the transparent conduc-
tive oxide layer, said second p-doped nitride compound semi-
conductor layer having N-face domains at an interface facing
the transparent conductive oxide layer, wherein the N-face
domains at the interface have an area proportion of at least
95%.

The reflective contact layer system described here makes
use of the insight that an electrical contact distinguished both
by a high reflectivity and by a low contact resistance can be
realized by means of the second p-doped nitride compound
semiconductor layer arranged between the first p-doped
nitride compound semiconductor layer and the transparent
conductive oxide layer and having a very high area proportion
of N-face domains.

The low contact resistance is based, in particular, on the
fact that the N-face domains have the properties of an n-type
semiconductor material. This effect is presumably based on
the fact that crystal defects occur in the N-face domains and
more than compensate for the acceptors of the nominally
p-doped semiconductor material. By virtue of the fact that the
N-face domains have n-type properties, a local tunnel junc-
tion forms at the interface between the second p-doped nitride
compound semiconductor layer and the adjoining layer com-
posed of the transparent conductive oxide. This effect brings
about the electrical connection of the transparent conductive
oxide layer virtually without a voltage drop.

The minor layer advantageously adjoins the interface of the
transparent conductive oxide layer facing away from the sec-
ond p-doped nitride compound semiconductor layer and
brings about a high reflectivity for radiation impinging on the
contact layer system from the semiconductor material. In the
case of the contact layer system, the contact resistance and the
voltage loss are advantageously lower than in the case of the
minor layer being directly applied to the p-doped nitride
compound semiconductor material. The contact resistance
can be, in particular, only 5*107°Q cm? or less.

Furthermore, a high reflectivity is obtained with the contact
layer system constructed in this way. The high reflectivity is
based, in particular, on the high area proportion of the com-
paratively smooth N-face domains at the interface. In particu-
lar, losses as a result of light scattering at the interface
between the second p-doped nitride compound semiconduc-
tor layer and the transparent conductive oxide layer are
reduced as a result. Light from the semiconductor material
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can therefore penetrate into the transparent conductive oxide
layer without significant scattering losses and is reflected
back in the direction of the semiconductor layers at the oppo-
site interface of the mirror layer.

The transparent conductive oxide layer advantageously has
a lower refractive index than the second p-doped nitride com-
pound semiconductor layer. Consequently, total internal
reflection occurs at the interface between the second p-doped
nitride compound semiconductor layer and the transparent
conductive oxide layer at least for the proportion of the light
coming from semiconductor material which impinges on the
interface with an angle of incidence greater than the angle of
total internal reflection. The total internal reflection is pro-
moted by a particularly smooth interface on account of the
avoidance of scattering losses. Consequently, the interface
between the second p-doped nitride compound semiconduc-
tor layer and the transparent conductive oxide layer also con-
tributes to the reflectivity of the contact layer system. The
total reflectivity of the contact layer system is advantageously
increased in this way.

It has been found that in the case of a very high area
proportion of N-face domains of at least 95%, the second
nitride compound semiconductor layer forms a smoother
interface than in the case of a lower area proportion of N-face
domains.

In one preferred configuration, the N-face domains of the
second p-doped nitride compound semiconductor layer at the
interface with the transparent conductive oxide layer have an
area proportion of at least 98%.

In one particularly preferred configuration, the second
p-doped nitride compound semiconductor layer has N-face
domains at the entire interface with the transparent conduc-
tive oxide layer. In this case, a particularly smooth interface is
obtained and a high reflection is thus obtained.

The rms (root mean square) roughness of the interface
between the second p-doped nitride compound semiconduc-
tor layer and the transparent conductive oxide layer is advan-
tageously less than 7 nm. The rms roughness is preferably less
than 5 nm and particularly preferably less than 3 nm.

The area proportion of the N-face domains at the interface
between the second p-doped nitride compound semiconduc-
tor layer and the transparent conductive oxide layer can be set,
in particular, by the level of the dopant concentration and the
growth conditions of the second p-doped nitride compound
semiconductor layer. The formation of N-face domains is
promoted by a high dopant concentration. The dopant con-
centration in the second p-doped nitride compound semicon-
ductor layer is advantageously more than 2*10%° cm™>, pref-
erably more than 3*10%° cm™ and particularly preferably
more than 5¥10*° cm™.

Furthermore, the layer thickness of the second p-doped
nitride compound semiconductor layer has an influence on
the domain structure at the interface. In order to obtain a high
area proportion of N-face domains, the second p-doped
nitride compound semiconductor layer advantageously has a
thickness of at least 10 nm, preferably of at least 20 nm and
particularly preferably of at least 40 nm. By way of example,
the second p-doped nitride compound semiconductor layer
can have a thickness of between 10 and 50 nm inclusive.

It has been found that the second p-doped nitride com-
pound semiconductor layer can be produced with a high
proportion of very smooth N-face domains in particular by
epitaxial growth onto the first p-doped nitride compound
semiconductor layer by means of molecular beam epitaxy. In
particular, it has been established that, as a result of the
growth of the second p-doped nitride compound semiconduc-
tor layer, it is possible to obtain an even lower contact resis-
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tance than in the case of the growth of the second p-doped
nitride compound semiconductor layer by means of metal
organic vapor phase epitaxy (MOVPE).

The second p-doped nitride compound semiconductor
layer preferably comprises GaN. Advantageously, the first
p-doped nitride compound semiconductor layer also com-
prises GaN. In particular, both the first and the second
p-doped nitride compound semiconductor layers can be GaN
layers. Magnesium is preferably used as p-type dopant for the
first and/or the second nitride compound semiconductor
layer.

The second p-doped nitride compound semiconductor
layer advantageously adjoins the transparent conductive
oxide layer. Transparent conductive oxides (“TCOs” for
short) are transparent conductive materials, generally metal
oxides, such as, for example, zinc oxide, tin oxide, cadmium
oxide, titanium oxide, indium oxide or indium tin oxide
(ITO). Alongside binary metal-oxygen compounds, such as,
for example, ZnO, SnO, or In,O;, ternary metal-oxygen
compounds, such as, for example, Zn,SnO,, CdSnO,,
ZnSnO;, Mgln,0,, GalnO;, Zn,In,O; or In,Sn;0, ,, or mix-
tures of different transparent conductive oxides also belong to
the group of TCOs.

In accordance with one advantageous configuration, the
transparent conductive oxide layer comprises indium tin
oxide (ITO) or zinc oxide (ZnO). These transparent conduc-
tive oxides are distinguished by a high transparency and a
high electrical conductivity. The transparent conductive
oxide layer can contain a dopant; by way of example, it can be
a zinc oxide layer doped with aluminum.

The minor layer advantageously adjoins the transparent
conductive oxide layer at an opposite interface relative to the
second p-doped nitride compound semiconductor layer. The
minor layer preferably contains a metal or a metal alloy. In
order to obtain a high reflection in the visible spectral range,
the minor layer preferably contains silver or consists thereof.

In the method for producing a reflective contact layer sys-
tem, at least the second p-doped nitride compound semicon-
ductor layer is produced by means of molecular beam epitaxy.
It has been found that, in particular, the production by means
of molecular beam epitaxy enables the formation of N-face
domains having very smooth interfaces. In particular, it has
been established that a particularly low contact resistance can
be obtained with a second p-doped nitride compound semi-
conductor layer produced by molecular beam epitaxy.

Furthermore, an optoelectronic component comprising the
reflective contact layer system is specified, wherein the opto-
electronic component comprises an epitaxial layer sequence,
containing an n-type semiconductor region, an active layer
and a p-type semiconductor region. The p-type semiconduc-
tor region of the optoelectronic component contains the first
p-doped nitride compound semiconductor layer and the sec-
ond p-doped nitride compound semiconductor layer. In the
case of the optoelectronic component, the n-type semicon-
ductor region faces a radiation exit surface and the p-type
semiconductor region faces a carrier.

BRIEF DESCRIPTION OF THE DRAWINGS

Further advantageous configurations of the method and of
the optoelectronic component are evident from the descrip-
tion of the reflective contact layer system, and vice versa.

The invention is explained in greater detail below on the
basis of exemplary embodiments in association with FIGS. 1
and 2.
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In the figures:

FIG. 1 shows a schematic illustration of a cross section
through a reflective contact layer system in accordance with
one exemplary embodiment, and

FIG. 2 shows an optoelectronic component comprising a
reflective contact layer system in accordance with one exem-
plary embodiment.

Identical or identically acting constituent parts are pro-
vided with the same reference signs in each case in the figures.
The illustrated constituent parts and also the size relation-
ships of the constituent parts among one another should notbe
regarded as true to scale.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The exemplary embodiment of a reflective contact layer
system for an optoelectronic component as illustrated in FIG.
1 comprises a first p-doped nitride compound semiconductor
layer 1 and a second p-doped nitride compound semiconduc-
tor layer 2, which adjoins the first p-doped nitride compound
semiconductor layer 1. The p-doped nitride compound semi-
conductor layers 1, 2 in each case comprise, for example, a
nitride compound semiconductor material having the compo-
sition In, Al Ga, . N, wherein Osx<l, O<y=<l and x+y=l.
The first p-doped nitride compound semiconductor layer 1
and the second p-doped nitride compound semiconductor
layer 2 are preferably GaN layers in each case. The p-doped
nitride compound semiconductor layers 1, 2 can comprise
magnesium, in particular, as p-type dopant.

Furthermore, the reflective contact layer system contains a
transparent conductive oxide layer 3, adjoining the second
p-doped nitride compound semiconductor layer 2. The trans-
parent conductive oxide layer 3 preferably contains indium
tin oxide or zinc oxide. Alternatively, however, other trans-
parent conductive oxides are also suitable.

A mirror layer 4 is arranged at a side of the transparent
conductive oxide layer 3 facing away from the p-doped
nitride compound semiconductor layers 1, 2. The minor layer
4 is preferably a layer composed of a metal or a metal alloy.
The mirror layer 4 preferably contains silver or consists
thereof.

The second p-doped nitride compound semiconductor
layer 2 advantageously contains N-face domains 22. Along-
side the N-face domains 22, the second p-doped nitride com-
pound semiconductor layer 2 can also have Ga-face domains
21 at least in a small proportion.

At the interface 23 with the transparent conductive oxide
layer 3, the area proportion of the N-face domains 22 in the
second p-doped nitride compound semiconductor layer 2 is
advantageously at least 95%, preferably at least 98% and
particularly preferably at least 99%. In particular, the second
p-doped nitride compound semiconductor layer 2 can have
N-face domains 22 at the entire interface 23 with the trans-
parent conductive oxide layer 3.

The high area proportion of the N-face domains 22 at the
interface 23 of the second p-doped nitride compound semi-
conductor layer 2 has the advantage that an electrical contact
with the transparent conductive oxide layer 3 with low contact
resistance is formed, without the reflectivity of the contact
layer sequence being impaired. A reduction of the reflectivity
could occur particularly in the case of a lower area proportion
of'the N-face domains 22, since an increased roughness of the
interface 23 can occur in the case of a higher area proportion
of Ga-face domains 21, for example, in the case of approxi-
mately equal area proportions of Ga-face domains 21 and
N-face domains 22. Although the document WO 2010/
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045907 A1, cited in the introduction, discloses that a particu-
larly light contact resistance can be obtained in particular also
with approximately equal proportions of N-face domains and
Ga-face domains, this can lead to a reduced reflectivity on
account of an increased interface roughness in the case of a
reflective contact layer system. It has advantageously been
found that with a high area proportion of the N-face domains
22 of at least 95% it is possible to realize a contact layer
system which is distinguished by both a low contact resis-
tance and a high reflectivity.

The second p-doped nitride compound semiconductor
layer 2 has a very smooth interface 23 with the subsequent
transparent conductive oxide layer 3 on account of the high
area proportion of the N-face domains 22. Advantageously,
the rms roughness of the interface 23 between the second
p-doped nitride compound semiconductor layer 2 and the
transparent conductive oxide layer 3 is less than 7 nm, pref-
erably less than 5 nm and particularly preferably less than 3
nm.
The preferred formation of N-face domains 22 in the sec-
ond p-doped nitride compound semiconductor layer 2 is pro-
moted by a high dopant concentration. Advantageously, the
dopant concentration in the second p-doped nitride com-
pound semiconductor layer 2 is at least 2¥10°° cm ™, prefer-
ably at least 3*10%° cm™ and particularly preferably at least
5*10%° cm™>.

The area proportion of the N-face domains 22 at the inter-
face 23 is also influenced by the layer thickness of the second
p-doped nitride compound semiconductor layer 2. Advanta-
geously, the layer thickness of the second p-doped nitride
compound semiconductor layer 2 is at least 10 nm, preferably
at least 20 nm and particularly preferably at least 40 nm. The
layer thickness of the second p-doped nitride compound
semiconductor layer 2 is between 10 nm and 50 nm, for
example.

Furthermore, the process conditions, in particular the coat-
ing method used for growing the second p-doped nitride
compound semiconductor layer 2, influence the proportion of
the N-face domains 22 in the second p-doped nitride com-
pound semiconductor layer 2. In one advantageous method
for producing the reflective contact layer system, at least the
second p-doped nitride compound semiconductor layer 2 is
produced by means of molecular beam epitaxy.

FIG. 2 schematically illustrates in cross section by way of
example an optoelectronic component 100 containing a
reflective contact layer sequence in accordance with one
exemplary embodiment.

The optoelectronic component 100 contains an epitaxial
layer sequence 8 based on a nitride compound semiconductor.
In the present connection, “based on a nitride compound
semiconductor” means that the epitaxial layer sequence 8 or
at least one layer thereof comprises a III nitride compound
semiconductor material, preferably In, Al Ga, , N, wherein
O=x<1, O<y=1 and x+y=1. In this case, this material need not
necessarily have a mathematically exact composition accord-
ing to the above formula. Rather, it can comprise one or a
plurality of dopants and additional constituents which sub-
stantially do not change the characteristic physical properties
of the In Al Ga, , N material. For the sake of simplicity,
however, the above formula only includes the essential con-
stituents of the crystal lattice (In, Al, Ga, N), even if these can
be replaced in part by small amounts of further substances.

The epitaxial layer sequence 8 contains an n-type semicon-
ductor region 5, an active layer 6 and a p-type semiconductor
region 7. The n-type semiconductor region 5, the active layer
6 and the p-type semiconductor region 7 can in each case
comprise a plurality of layers, which are not illustrated in
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specific detail for the sake of simplification. It is also possible
for the n-type semiconductor region 5, the active layer 6 or the
p-type semiconductor region 7 to contain one or a plurality of
undoped layers. The p-type semiconductor region 7 contains,
in particular, the first p-doped semiconductor layer 1 and the
second p-doped semiconductor layer 2 of the contact layer
system.

The active layer 6 can be, in particular, a radiation-emitting
or a radiation-receiving active layer. The active layer 6 can be
embodied, for example, as a pn junction, as a double hetero-
structure, as a single quantum well structure or a multiple
quantum well structure. In this case, the designation quantum
well structure encompasses any structure in which charge
carriers experience a quantization of their energy states as a
result of confinement. In particular, the designation quantum
well structure does not include any indication about the
dimensionality of the quantization. It therefore encompasses,
inter alia, quantum wells, quantum wires and quantum dots
and any combination of these structures.

The active layer 6 can contain, in particular, one or a
plurality of layers composed of InGaN.

The optoelectronic component 100 is a so-called thin-film
light emitting diode chip, in which a growth substrate used for
the growth of the epitaxial layer sequence 8 was detached
from the epitaxial layer sequence 8. The epitaxial layer
sequence 8 has been connected to a carrier 11 at an opposite
side relative to the original growth substrate. The optoelec-
tronic component 100 therefore contains no growth substrate
of the epitaxial layer sequence 8 such as, for example, a
sapphire substrate. The epitaxial layer sequence 8 is con-
nected to the carrier 11 at the rear side of the optoelectronic
component 100 by means of a connection layer 10, for
example, a solder layer. The carrier 11 can comprise, for
example, silicon, germanium, a ceramic, a metal or a metal
alloy.

In the case of the optoelectronic component 100, the n-type
semiconductor region 5 faces the radiation exit surface 14 and
the p-type semiconductor region 7 faces the carrier 11.

Electrical contact is made with the p-type semiconductor
region 7 from the rear side of the optoelectronic component
100, said rear side facing the carrier 11, with the reflective
contact layer system. The reflective contact layer system con-
tains a first p-doped nitride compound semiconductor layer 1,
a second p-doped nitride compound semiconductor layer 2, a
transparent conductive oxide layer 3 and a minor layer 4. The
advantageous configurations of the reflective contact layer
system 1, 2, 3, 4 and the advantages resulting therefrom
correspond to the exemplary embodiment described in con-
nection with FIG. 1 and, therefore, will not be explained
again.

By means of the mirror layer 4 provided in the reflective
contact layer system, radiation 15 emitted by the active layer
6 in the direction of the carrier 11 is advantageously reflected
in the direction of the radiation exit surface 14. In this way,
absorption of the radiation emitted toward the rear side of the
optoelectronic component 100 in the carrier 11 is prevented
and the efficiency of the optoelectronic component 100 is
increased in this way.

Arranged between the minor layer 4 and the solder layer 10
there is preferably one or a plurality of functional layers 9, for
example, a layer sequence 9 which comprises, proceeding
from the mirror layer 4, partial layers composed of titanium,
platinum and gold. In this case, the partial layer composed of
platinum advantageously functions as a diffusion barrier that
prevents the diffusion of constituents of subsequent layers
into the minor layer 4 and vice versa. The partial layer com-
posed of gold functions as a current spreading layer on
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account of the high electrical conductivity and the subsequent
titanium layer functions as an adhesion promoter layer for
further subsequent layers.

In order to produce the external electrical connections,
provision is made of, for example, a first contact metallization
12 at the rear side of the carrier 11 and a second contact
metallization 13 on a partial region of the radiation exit sur-
face 14.

The reflective contact layer system formed by the first
p-doped nitride compound semiconductor layer 1, the second
p-doped nitride compound semiconductor layer 2, the trans-
parent conductive oxide layer 3 and the minor layer 4 is
distinguished by a high reflectivity for the radiation 15 emit-
ted by the active zone 6, and also by a very low contact
resistance. The contact resistance can be, in particular, 5*10~
sQ cm? or less.

The invention is not restricted by the description on the
basis of the exemplary embodiments. Rather, the invention
encompasses any novel feature and also any combination of
features, which in particular includes any combination of
features in the patent claims, even if this feature or this com-
bination itselfis not explicitly specified in the patent claims or
exemplary embodiments.

The invention claimed is:

1. A reflective contact layer system for an optoelectronic
component comprising:

a first p-doped nitride compound semiconductor layer;

a transparent conductive oxide layer;

a mirror layer; and

a second p-doped nitride compound semiconductor layer

arranged between the first p-doped nitride compound
semiconductor layer and the transparent conductive
oxide layer,

wherein the second p-doped nitride compound semicon-

ductor layer has N-face domains at an interface facing
the transparent conductive oxide layer, and wherein the
N-face domains at the interface have an area proportion
of at least 95%.

2. The reflective contact layer system according to claim 1,
wherein the N-face domains at the interface have an area
proportion of at least 98%.

3. The reflective contact layer system according to claim 1,
wherein the second p-doped nitride compound semiconduc-
tor layer has N-face domains at the entire interface.

4. The reflective contact layer system according to claim 1,
wherein the interface has an rms roughness of less than 7 nm.

5. The reflective contact layer system according to claim 1,
wherein the interface has an rms roughness of less than 3 nm.

6. The reflective contact layer system according to claim 1,
wherein the second p-doped nitride compound semiconduc-
tor layer has a dopant concentration of more than 2%*10°
cm™,

7. The reflective contact layer system according to claim 1,
wherein the second p-doped nitride compound semiconduc-
tor layer has a dopant concentration of more than 5%10°
cm”

8. The reflective contact layer system according to claim 1,
wherein the second p-doped nitride compound semiconduc-
tor layer has a thickness of at least 10 nm.

9. The reflective contact layer system according to claim 1,
wherein the second p-doped nitride compound semiconduc-
tor layer is grown onto the first p-doped nitride compound
semiconductor layer epitaxially by molecular beam epitaxy.

10. The reflective contact layer system according to claim
1, wherein the first p-doped nitride compound semiconductor
layer comprises GaN.
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11. The reflective contact layer system according to claim
1, wherein the second p-doped nitride compound semicon-
ductor layer comprises GaN.

12. The reflective contact layer system according to claim
1, wherein the transparent conductive oxide layer comprises
indium tin oxide or zinc oxide.

13. The reflective contact layer system according to claim
1, wherein the minor layer contains silver.

14. A method for producing a reflective contact layer sys-
tem according to claim 1, wherein at least the second p-doped
nitride compound semiconductor layer is produced by
molecular beam epitaxy.

15. An optoelectronic component comprising a reflective
contact layer system according to claim 1,

wherein the optoelectronic component comprises an epi-

taxial layer sequence containing an n-type semiconduc-
tor region, an active layer and a p-type semiconductor
region,
wherein the p-type semiconductor region contains the first
p-doped nitride compound semiconductor layer and the
second p-doped nitride compound semiconductor layer,

wherein the n-type semiconductor region faces a radiation
exit surface, and

wherein the p-type semiconductor region faces a carrier.
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